Abstract: Mammalian cells evolve a delicate system, the DNA damage response (DDR) pathway, to monitor genomic integrity and to prevent the damage from both endogenous end exogenous insults. Emerging evidence suggests that aberrant DDR and deficient DNA repair are strongly associated with cancer and aging. Our understanding of the core program of DDR has made tremendous progress in the past two decades. However, the long list of the molecules involved in the DDR and DNA repair continues to grow and the roles of the new "dots" are under intensive investigation. Here, we review the connection between DDR and DNA repair and aging and discuss the potential mechanisms by which deficient DNA repair triggers systemic effects to promote physiological or pathological aging.
Introduction
We witnessed a fruitful DNA damage response and repair year in 2015. Three pioneers in the study of DNA repair systems, Tomas Lindahl, Paul Modrich, and Aziz Sancar, received the Nobel Prize in Chemistry which recognizes their contribution in the finding and elucidation of base excision repair, mismatch repair and nucleotide excision repair, respectively [1] . At the same time, the Albert Lasker Basic Medical Research Award honors Evelyn M. Witkin and Stephen J. Elledge for their discoveries of a critical genome protection mechanism, the DNA damage response (DDR) [2] .
DNA carries the inheritable genetic information for all living organisms. However, DNA receives endogenous and exogenous insults every minute and the lesions (approximately 10 4 -10 5 per cell per day) are extremely deleterious to cells [3] . These lesions, if not correctly repaired, will interrupt genome replication and transcription and cause wide-scale chromosomal aberrations that trigger malignant transformation or cell death. Therefore, effective sensing and repair systems are developed during evolution to eliminate the DNA lesions and to maintain genome integrity. Dysregulation of DDR and repair is closely associated with human diseases such as cancers, cardiovascular disease, neurodegenerative disorders and aging [4] [5] [6] [7] .
The DDR Signaling Cascade
DNA damage is caused by a wide variety of environmental agents, genotoxic chemicals, and cellular metabolism. Depending on the source of damage, DNA can be altered in different ways, including nucleotide alterations (mutation, substitution, deletion and insertion), bulky adducts,
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Cancer and DNA Damage
It has been well known that aberrant oncogene activation or inactivation of certain tumor-suppressor genes are fundamental features in cancers. Notably, evidence shows that mutations in oncogenes and tumor suppressors in the precancerous lesions not only display a high proliferation rate, but also exhibit persistent DNA damage, known as replication stress [21] . The common features of replication stress are a low level of DNA synthesis, increased numbers of stalled and collapsed replication forks that result from deregulated replication origins, elongating replication fork, post-replicative DNA repair and S phase checkpoint and, subsequently, accumulated DNA damage. For example, cyclin E alters the licensing and firing of the replication origin that leads to ssDNA and elevates replication stress in cells [22] . Reduced binding of replicative helicase minichromosome maintenance complex 2-7 (MCM2-7) at replication origins also induced replication stress and genome instability [23] . Failures of DNA helicase-mediated replication fork resumption are known to be associated with cancer predisposition [24] [25] [26] [27] . The replication stress response (also called intra-S phase checkpoint) acts as a natural barrier against tumorigenesis at the premalignant stage. Once the replication stress response becomes defective, normal cells may transform into cancer cells. ATR and CHK1 kinase are key mediators for the response to replication stress in triggering cell cycle arrest and replication fork stabilization and restart. Loss of the ATR gene leads to chromosomal fragmentation and early embryonic lethality [28] . The BRCA protein is another example that links HR repair proteins, replication stress and cancer. It has been known that BRCA proteins promote error-free HR repairs that function as the blockage of error-prone NHEJ pathways [29, 30] . The mutation of Brca1 in mammary epithelial cells results in tumor formation [31] . Therefore, the DDR-like replication stress response plays an important tumor-suppressive role in leading cell cycle arrest or apoptosis to maintain genome integrity. Consistent with in vitro studies, oncogene-induced replication stress has also been demonstrated in in vivo mouse cancer models and human tumors [32, 33] . This evidence suggested that replication stress-induced DDR in pre-cancerous and cancerous cells plays a vital role in tumorigenesis.
Cardiovascular Diseases and DNA Damage
Recently, growing evidence demonstrated that cells with high levels of oxidative stress and abnormalities in DNA repair pathways are found in heart failure patients [34, 35] . Oxidative stress induced by diverse stimuli including angiotensin II, oxidized low density lipoproteins, and conditional stretch high shear stress causes serious injuries in cardiac myocytes and vascular endothelial cells. These cells exhibit lower DNA repair activity, and therefore are highly sensitive to oxidative stress. Reactive oxygen species (ROS) widely causes the production of catastrophic DNA damage in heart failure patients with vascular endothelial dysfunction, cardiac hypertrophy and myocyte dysfunction. It is suggested that prevention of oxidative stress-associated DNA damage or enhancement of DNA repair activity may represent a novel therapeutic strategy in cardiovascular diseases.
Neurodegenerative Disorders and DNA Damage
DNA repair is extremely important in the early developmental stages of the nervous system, because unrepaired lesions can cause hazardous effects on the function of nervous system. Studies using human samples and animal models have demonstrated a close relation between abnormal DDR and neurodegeneration [36] [37] [38] . Xeroderma pigmentosum (XP) patients exhibited several neurological symptoms such as microcephaly, mental retardation and deafness, which are linked to mutations in genes such as XPA, XPB, XPD, XPF, and XPG that are involved in nucleotide excision repair (NER) [39] . In addition to XP, numerous congenital mutations in the components in NER, SSB and DSB repair result in neurodegenerative syndromes such as Cockayne syndrome (CS), trichothiodystrophy (TTD) and Ataxia Telangiectasia (AT) [40] . Moreover, insufficient DNA repair also plays a role in Alzheimer's, Huntington's and Parkinson's diseases [41, 42] . This evidence strongly supports the possibility that a defective DDR contributes significantly to neurodegenerative disorders.
Aging and DNA Damage
Aging is a universally conserved feature among eukaryotic organisms. It is characterized by a progressive decline of physiological integrity in molecules, cells, tissues and organisms. Age-related pathological changes include atherosclerosis, heart failure, renal failure, neurodegeneration, osteoporosis, etc., in mammals. Our understanding of the molecular basis of aging processes will be helpful for the prevention or treatment of age-related diseases. Recent results from anti-aging studies provide interesting crosstalk between DDR and aging. The depletion of mitochondria-associated senescence genes or mTORC1 inhibition can efficiently block aging phenotypes [43, 44] . The decrease of Complex II activity in mitochondria with age is found in senescent skin fibroblasts [45] . Recently, nine hallmarks of aging including genome instability, telomere attrition, epigenetic alterations, cellular senescence, mitochondrial dysfunction, loss of proteostasis, deregulated nutrient sensing, stem cell exhaustion, and altered intercellular communication have been enumerated to represent common features in mammalian cells [46] . Because one of the common origins of aging is the accumulation of damaged DNA throughout life, we attempt to connect DNA damage and repair to aging in this review.
The Linkage between DNA Damage/Repair and Aging
Aging is defined as a progressive decline of body function and a decrease of physiological response to stress that ultimately results in death. Because the insufficiency of repair will cause the accumulation of DNA damage which leads to cell death or functional defect, it is reasonable to hypothesize that DDR and repair is closely associated with aging [47] . Indeed, mice defective in DNA repair exhibit features of premature aging. For example, trichothiodystrophy (TTD) mice with a mutation in XPD, which encodes a DNA helicase in DNA repair, have a short lifespan and develop aging symptoms such as osteoporosis and cachexia at a young stage [48] . Human genetic diseases with DNA repair defects such as Huchinson-Gilford Progeria, CS, Werner sundrome, AT, Nijmegen breakage syndrome, Fanconi anemia and Bloom syndrome all show premature aging. However, not all DNA damage and repair cause aging. Defects in mismatch repair (MMR) may result in cancer formation but not directly correlate with aging [49] . In contrast to MMR, deficiencies in BER, NER, NHEJ and HR indeed induce aging-associated phenotypes. For example, mitochondrial BER (mtBER) completes DNA repair in oxidative lesions via four distinct enzymes including DNA glycosylase, endonuclease, DNA polymerase γ and DNA ligase to remove the damaged base. Reduction of the activity of these enzymes has been shown to promote aging [50] [51] [52] . Similarly, Werner syndrome patients with an inherited defect in BER and CS and XP patients with a deficiency in NER all show features of premature aging. In addition, NHEJ is significantly reduced in the neurons from old rats and a decrease in Ku70, Ku80 and Mre11 is also frequently found in aged animals [53, 54] . Thus, an increase of DNA damage and mutation or a decrease of DNA repair is linked with age-associated diseases. A list of syndromes carrying defects in DNA repair is shown in Table 1 . 
Senescence and Aging
As previously mentioned, an accumulation of DNA damage or defect in DNA repair promotes the aging process. Interestingly, an accumulation of DNA damage or defect in DNA repair also promotes cellular senescence and apoptosis. This raises the question whether senescence induced by physiological or pathological alterations may be involved in aging. Therefore, we further discuss the correlation between senescence and aging in cells, animals and human diseases.
Evidence from Cellular Study
Senescence is a cellular phenotype first described by Hayflick and Moorhead in 1961 [55] . They demonstrated that fibroblasts stayed in permanent growth arrest with an enlarged cell size after serial cultivation. Subsequent studies revealed two major types of senescence, replicative senescence which results from the progressive shorting of telomeres at the end of chromosome DNA after continuous replication, and stress-induced senescence triggered by the overexpression of oncogenes, oxidative stress, ultraviolet (UV), etc., to promote senescence [56, 57] . Previous studies showed that oncogene-induced senescence in fibroblasts is a DDR triggered by replication dysregulation, because of the elevated replication stress from unregulated proliferation [58, 59] . Several pioneer studies further demonstrated that DNA damage triggers p53-dependent senescence in normal human fibroblasts, providing a strong linkage between DDR and senescence [60] . p16 Ink4a is another senescence master regulator. Life-long removal of p16 Ink4a can delay the aging process [61] . These results suggested that DDR activated by replicative-or stress-induced senescence plays a causative role in promoting cellular aging.
Evidence from Animal Models
Based on the evidence of cellular senescence, intensive investigations have been carried out to address the role of DDR proteins in aging. DNA repair-deficient nematodes have a significantly shorter life span while several long-living mutants show increased repair activity, suggesting DNA repair capacity influences the aging process and affects longevity in nematodes [62] . Results of genetically modified mice studies also support a preventive function of DDR proteins on aging. Wong et al. demonstrated that telomere dysfunction and Atm deficiency accelerates the aging process in mice [63] . Similarly, the absence of breast cancer 1 (Brca1) full-length isoform causes senescence in embryos and aging in adult mice [64] . Deletion of Atr in adult mice also leads to age-related phenotypes and stem cell loss [65] . In addition to protein kinases, knockout of Ku80, a non-homologous end joining protein involved in DSB repair, showed early aging in mice [66] . These data suggested that deficiency in DNA repair promotes aging in vivo.
Evidence from Human Diseases
As discussed above, a number of human genetic defects including CS and XP also suggest that deficient DNA repair leads to tissue degeneration and premature aging. CS is an autosomal recessive disease mainly caused by mutations in Cockayne syndrome group A (CSA) (also known as excision repair cross-complementation group 8, ERCC8) and Cockayne syndrome group B (CSB) (also known as ERCC6) genes. Both genes participate in the excision repair pathways [67] . CS patients show impairment of the nervous system, hypersensitivity to sunlight, retinal disorder and premature aging [68, 69] . Similarly, XP patients have photosensitivity of the skin and eye and exhibit premature cutaneous aging with increased incidence of basal cell carcinoma and melanoma [70, 71] . The characteristics of the CS and XP patients also suggest that DNA repair is closely associated with aging.
From Single Cell to Systemic Effect
Many previous studies addressing the senescence mechanism were done in single cells, especially in fibroblasts. An obvious question is how cellular senescence caused by deficient DNA repair finally affects the aging of a living organism. We propose three potential mechanisms to explain the systemic effect. First, senescence depletes the supplemental pool of stem cells or progenitor cells that leads to the continuous decline of tissue homeostasis and accelerates organ aging. An elegant study from DePinho's laboratory demonstrated that mice lacking telomerase RNA showed genomic instability in cells and functional defects in multiple highly proliferative organs [72] . Although animal aging was not described in the study, it is predictable that these mice will have a short lifespan due to impaired tissue renewal. Readers are suggested to refer to a recent review article for the functional role of stem cells in aging [73] ; Secondly, senescence causes tissue degeneration. As evidenced in human diseases, defects in DNA repair induce senescence and degeneration of nervous and endocrine/exocrine tissues. Dysfunction of the nervous system would decrease the activity of innervated tissues and dysfunction of the endocrine/exocrine system would disturb hormone homeostasis and nutrient balance which ultimately causes organ aging; Thirdly, senescence induces chronic inflammation. One well-known characteristic of senescent cells is the production of pro-inflammatory and matrix-degrading molecules, known as the senescence-associated secretory phenotype (SASP) [74, 75] . Higher serum levels of pro-inflammatory factors such as interleukin-6 and tumor necrosis factor are found in aged mice [76, 77] . A similar observation is also confirmed in aged individuals [78] . Chronic inflammation triggered by these pro-inflammatory factors changes the immune response and vascular system and finally disrupts the physiological function of many tissues to promote the aging process [79] . Figure 1 shows the hypothesis by which DNA repair-deficient senescence promotes aging.
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New Dots Connecting DNA Damage and Repair to Aging
More than 50 proteins are recruited to the lesion sites after DNA damage occurs [80] . These proteins quickly undergo post-translational modifications including phosphorylation, sumoylation, ubiquitination, etc., to modulate the protein-protein interaction and to fine-tune the enzymatic activity to repair DNA. It is not surprising that in addition to the core DDR kinases, many accessory proteins also affect the DNA repair and aging process. In addition, recent studies also point out the importance of mitochondria function in DNA damage and aging. We discuss these "new dots" in the DDR and their potential role in aging.
Ubiquitin-Specific Protease 3 (USP3)
Ubiquitination of the histone protein at DNA breaks is an essential step for the activation of DDR and DNA repair. The addition of ubiquitin to histones is kinetically regulated by ubiquitin ligases and deubiquitinating enzymes. USP3 is a deubiquitinating enzyme for monoubiquitinated histone H2A and H2B [81] . A previous in vitro study demonstrated a role of this enzyme in the activation of DDR because depletion of this protein leads to a delay of S phase progression and the accumulation of DNA breaks. Recently, Lancini et al. generated USP3 knockout mice and found that deletion of this gene caused a defective DDR and chromosomal instability [82] . In addition, these mice have a reduced hematopoietic stem cell reservoir and shortened life span. This study provides the in vivo evidence to confirm the role of USPs in aging. 
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N-Terminal RCC1 Methyltransferase 1 (NRMT1)
NRMT1 is the first identified eukaryotic α-N-methyltransferase which methylates a three-amino-acid N-terminal consensus sequence [83] . A bioinformatics search predicts over 300 potential substrates for this enzyme and some of them are involved in DNA repair. Subsequent studies confirmed a critical function of NRMT1 in NER [84] . Recently, Bonsignore et al. demonstrated that NRMT1 knockout mice exhibit decreased body size, female-specific infertility, reduced mitochondria function and early-onset liver degeneration [85] . In addition, these mice showed premature aging similar to the phenotypes found in other mouse models with defects in DNA repair. Therefore, NRMT1 is a new player in NER that is also implicated in aging.
Mitochondria Dysfunction in XP and CS
Previous studies on DDR and repair focus on genomic DNA. However, two recent studies elucidate a new role of mitochondria in DDR and aging. Fang et al. found that XPA-deficient cells exhibited hyperactivation of PARP-1 and decreased activation of the NAD + /SIRT1/PGC-1α signaling which results in defective mitophagy and mitochondria dysfunction [86] . Inhibition of PARP-1 or supplementation of NAD + precursors rescued the lifespan in xpa-1 nematodes. These results imply mitochondria in XP-induced premature aging. In another study, Scheibye-Knudsen et al. also found aberrant PARP activation, decreased SIRT1 activity and mitochondria dysfunction in CS mice and human CS cells [87] . Similarly, stimulation of SIRT1 activity by NAD + supplementation rescues CS-associated phenotypes including accelerated aging.
Nonenzymatic Post-Translational Modification
The aging process is known to be associated with increased oxidative stress, which induces post-translational modifications of proteins including glycation, glycoxidation, lipoxidation and carbonylation. Recently, it has been reported that proteins tend to become more insoluble and aggregate during physiological aging due to these modification [88] . A study further indicated that accumulation of extracellular advanced glycation end products (AGEs) in Alzheimer's disease (AD) is caused by an accelerated oxidation of glycated proteins ("glycoxidation"). These observations support that AGEs are involved in the pathogenesis of AD [89, 90] .
RecQ-Like Helicase Sgs1
Sgs1 is a RecQ-like helicase identified in budding yeast and it plays an important role in the repair of DSB by resecting DSB ends in collaboration with nucleases [91] . Sgs1 defects in humans are associated with premature aging syndromes. Recently, it was found that small ubiquitin-like modifier (SUMO)-targeted ubiquitin ligase (STUbL) complex Slx5-Slx8 negative regulated Sgs1 foci formation under DNA damage [92] . Therefore, this result provides another model to address ubiquitination being involved in aging formation.
Conclusions
Our understanding of DDR and DNA repair has tremendously advanced in the past two decades. In addition, the role of DDR and repair in cancer and normal or pathological aging has become much clearer. However, the translation of the knowledge into clinical application is still at a very early stage. Currently, only one PARP inhibitor, Olaparib (Lymparza, AstraZeneca, Esbo, Finland), has been approved by the FDA for cancer treatment and many challenges remained in the development or clinical utility of PARP inhibitors. For aging or age-related diseases, the condition is more complex because DDR and DNA damage-triggered senescence could be a barrier for tumor formation. With the appearance of "new dots" in the signaling network, we may have the opportunity to develop new strategies to deal with cancer and aging in the future.
